The perovskite-type compounds containing both rare earth and osmium Ba 2 LnOsO 6 (Ln = 
Introduction
One of the most challenging problems in the modern chemistry of rare earth compounds is to find a compound in which strong magnetic superexchange interactions between 4f electrons exist, which give rise to a long-range magnetic ordering at relatively high temperatures, and to elucidate their mechanism. We have been focusing our attention on the crystal structures of the perovskite-type compounds containing rare earth ions. The rare earth ion is relatively large and tends to adopt a high coordination number. Therefore, the rare earth ion usually sits at the A site of the perovskite-type oxides ABO 3 . Not the A site ions but the B site ions normally determine the physical properties of the perovskites [1] The solid-state chemistry of such mixed-metal oxides containing platinum group metals has attracted a great deal of interest. The preparation, crystal structures and magnetic properties of double perovskite oxides containing Ru ion, A 2 LnRuO 6 (A = alkali-earth metals), where Ln represents a rare earth ion, have been studied [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The electronic configuration of Ru 5+ is
[Kr]4d 3 ([Kr] : krypton electronic core), which means that it has the largest spin (S = 3/2). Such highly oxidized cations from the second or third transition series sometimes show quite unusual magnetic behavior. Any of the double perovskites Ba 2 LnRuO 6 (Ln = La ~ Lu) [2, 4, 5, [9] [10] [11] [12] and Sr 2 LnRuO 6 (Eu ~ Lu) [3, 4, [6] [7] [8] [12] [13] [14] show an antiferromagnetic transition at low temperatures, and the transition temperature is higher than that for the compounds in which the magnetic ion at the B site is Ru 5+ ion only. Among them, the transition temperature for Ba 2 PrRuO 6 is astonishingly as high as 117 K [10] , and Ba 2 NdRuO 6 transforms to the antiferromagnetic state at 57 K [9] .
Recently, magnetic properties of pentavalent osmium-containing oxides have aroused a great deal of interest, because the Os 5+ ion has the largest possible spin (S = 3/2) [15] [16] [17] [18] [19] . No detailed crystal structures nor magnetic properties were reported. We reported magnetic properties of neodymium-containing osmium double perovskite Ba 2 NdOsO 6 .The magnetic moment of Os 5+ orders at 65 K and then the antiferromagnetic ordering of Nd 3+ occurs at a lower temperature ~20 K from the magnetic and specific heat measurements [20] . Magnetic properties of NaOsO 3 and La 2 NaOsO 6 with the perovskite-type structure are also worth noting. NaOsO 3 has a metal-insulator transition driven by magnetism [21] , and the magnetic properties of La 2 NaOsO 6 are characterized by a drastically-reduced Os ordered moment due to magnetic frustration [22] .
Concerning the preparation of osmium-containing oxides, Plaisier and IJdo reported that it is difficult to control the oxidation state of osmium in oxides by using oxygen donor reactants [16] . For the case of Ba 2 LnOsO 6 , when both OsO 2 and Os metal are available as starting materials, double perovskites Ba 2 LnOsO 6 could be prepared by the following reaction:
That is, we need not use oxygen donors such as Ag 2 O and KClO 3 anymore, which considerably reduces the formation of volatile osmium tetroxide OsO 4 .
In this study, a series of Ba 2 LnOsO 6 (Ln = Pr, Sm-Lu) compounds were prepared, and their crystal structures and magnetic properties were studied through X-ray diffraction, magnetic susceptibility, specific heat and Eu Mössbauer spectrum measurements. Here we will discussed the results on Ln = Pr, Eu, Gd and Lu compounds. pressed into pellets and enwrapped with platium foils, and they were sealed in evacuated silica tubes. They were fired at 1170 K for 5 h.
Experimental

Sample preparation
X-ray diffraction analysis
Powder X-ray diffraction profiles were measured using a Rigaku Multi-Flex diffractometer with Cu-Kα radiation equipped with a curved graphite monochromator. The data were collected by step-scanning in the angle range of 10° ≤ 2θ ≤120° at a 2θ step-size of 0.02°. The X-ray diffraction data were analyzed by the Rietveld technique, using the program RIETAN-FP [23] and the crystal structure was drawn by VESTA program [24] .
Magnetic susceptibility measurements
The temperature-dependence of the magnetic susceptibility was measured in an applied field of 0.1 T over the temperature range of 1.8 K ≤ T ≤ 400 K, using a SQUID magnetometer (Quantum Design, MPMS5S). The susceptibility measurements were performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The former was measured upon heating the sample to 400 K under the applied magnetic field of 0.1 T after zero-field cooling to 1.8 K. The latter was measured upon cooling the sample from 400 to 1.8 K in the applied field of 0.1 T.
Specific heat measurements
Specific heat measurements were performed using a relaxation technique by a commercial heat capacity measuring system (Quantum Design, PPMS) in the temperature range of 1.8-400 K.
The sintered sample in the form of a pellet was mounted on a thin alumina plate with Apiezon for better thermal contact.
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Eu Mössbauer spectroscopy measurements 
Results and Discussion
Crystal structure
The results of powder X-ray diffraction measurements show that Ba 2 LnOsO 6 (Ln = Pr, Nd, Sm-Lu) compounds were formed as a single phase with perovskite-type structure. Figure 1 shows the X-ray diffraction profile for Ba 2 SmOsO 6 . The X-ray diffraction data collected on Figure 2 shows the crystal structure of Ba 2 SmOsO 6 . For other Ba 2 LnOsO 6 (Ln = Pr, Nd, Sm-Lu) compounds, the unit cell parameters and the reliability factors are listed in supplementary Table S.1. Figure 3 shows the variation of lattice parameter for Ba 2 LnOsO 6 with the ionic radius of Ln 3+ . As the ionic radius of Ln 3+ increases, the lattice parameter increases. The variation is nearly linear, so it is thought that the oxidation state of the rare earth is trivalent and that of osmium is pentavalent for all the compounds Ba 2 LnOsO 6 (Ln = Pr, Nd, Sm-Lu). In the case that some of the rare earth ion is in the tetravalent state, the deviation from the linear relationship between the lattice parameters and the ionic radius of Ln 3+ has been observed for Sr 2 LnIrO 6 [25] and Ba 2 LnIrO 6 [26] .
Magnetic properties
The results of the magnetic susceptibility measurements for Ba 2 LnOsO 6 (Ln = Pr, Nd, Sm-Lu) in the temperature range between 1.8 and 400 K are listed in that the magnetic transition is due to the Tb (Yb) ions, i.e., the contribution of the Os ions to the magnetic transition is neglible. Compounds with Ln = Dy, Er, and Tm are paramagnetic down to 1.8 K.
In this paper, we will mainly discuss the magnetic properties of Ln = Lu, Eu, Pr, and Gd compounds in the followings. Figure 4 shows the magnetic susceptibility vs temperature curve of Ba 2 LuOsO 6 in the temperature range between 1.8 and 300 K. An antiferromagnetic behavior has been observed at 66 K. The ZFC and FC susceptibilities begin to diverse when the temperature is decreased through 66 K, i.e., Ba 2 LuOsO 6 is not an ideal antiferromagnet. Small magnetic hysteresis has been observed at 5 K, and the remnant magnetization completely disappears when the temperature is increased above 66 K. That is, the antiferromagnetic interactions at low temperatures have a weak ferromagnetic component. has been observed in some Os-containing compounds [20, [27] [28] [29] [30] [31] [32] [33] .
Ba 2 LuOsO 6
Figure 5 (a) depicts the temperature dependence of the specific heat divided by temperature (C p /T) for Ba 2 LuOsO 6 in the temperature range between 1.8 and 300 K. A specific heat anomaly has been found at the same temperature at which the magnetic susceptibility shows the antiferromagnetic transition.
In this Ba 2 LuOsO 6 compound, only the Os 5+ ions are magnetic. The magnetic entropy change (S mag ) associated with the magnetic ordering of Os 5+ moments is calculated from the specific heat data. To evaluate the magnetic contribution to the specific heat (C mag ), we have to subtract the contribution of lattice specific heat (C lat ) from the total specific heat (C mag = C p -C lat ). The lattice specific heat was estimated by using the specific heat data for diamagnetic The magnetic specific heat (C mag ) of Ba 2 EuOsO 6 was estimated by subtracting the contribution of the lattice specific heat (C lat ) from the total specific heat (C p ). As the lattice specific heat of Ba 2 EuOsO 6 , we used the specific heat data of Ba 2 EuTaO 6 i.e., C mag = C lat (Ba 2 EuOsO 6 ) -C lat (Ba 2 EuTaO 6 ). The magnetic entropy change (S mag ) associated with the magnetic ordering of Ba 2 EuOsO 6 is calculated by integrating the magnetic specific heat divided by temperature
The temperature dependence of the C mag /T and S mag for Ba 2 EuOsO 6 is shown in Fig. 7 (b) . The obtained S mag of Ba 2 EuOsO 6 at 200 K is 8.5 J /(mol K).
confirm that the magnetic behavior below 67 K is due to the magnetic ordering of Os 5+ moments.
As shown in Fig. 6 , the temperature dependence of the magnetic susceptibility of Ba 2 EuOsO 6 does not follow the Curie-Weiss law. The ground state of Eu 3+ is nonmagnetic ( 7 F 0 ), and the excited states 7 F J ( J = 1, 2, --) are close enough to give energy differences comparable to k B T at room temperature. Thus, the molar magnetic susceptibility for Eu 3+ can be expressed by the following equation [34] : (2) where the parameter γ = λ/k B T is the ratio of the multiplet width (the spin-orbit coupling constant, λ) and the thermal energy (k B T), and γ is 1/21 for the Eu 3+ ion. We consider that in the paramagnetic region, the magnetic behavior of the Eu 3+ ion and Os 5+ ion are independent of each other and that the susceptibility of Ba 2 EuOsO 6 will be given by the sum of the susceptibilities of each paramagnetic ion. If we assume that the susceptibility of Os 5+ follows the Curie-Weiss law, the total magnetic susceptibility of Ba 2 EuOsO 6 will be given by 
where C is the Curie constant of Os 5+ and χ TIP is the temperature independent susceptibility of (4) where I is the nuclear spin, Q is the quadrupole moment, eq = V zz , and the asymmetric parameter η = (V xx -V yy ) / V zz (V ii is the electric field gradient tensor) [37] . Actually, the spectra exhibited a slightly asymmetric line (η ≠ 0). It is impossible to fit such a spectrum with a single Lorentzian line because of the distortion due to the quadrupole interaction. The 12 possible transitions (eight allowed transitions and four forbidden transitions) (see Fig. 9 ) due to a quadrupole interaction were taken into account; the observed data were fitted with the sum of these Lorentzian lines (see Fig. 8 (a) ). In order to derive these Lorentzian equations, the results by Shenoy and Dunlap were used [38] and the ratio of the excited and ground state quadrupole moments (R Q = Q e /Q g ) was taken as 1.312 [39] . The fitting parameters, the isomer shift (δ), the quadrupole coupling constant (eV zz Q g ) and the asymmetry parameter (η) were determined for Ba 2 EuOsO 6 , and they are listed in Table 3 . Comparable values of parameters are reported for Ba 2 EuNbO 6 [36] .
When the temperature was decreased through 50 K, the splitting due to magnetic hyperfine interactions was appeared. Figure 8 ( Eu Mössbauer measurements at 20 K (Fig. 8 (b) ) also show that we observe no full splitting at this temperature. So, it is difficult to simulate the 151 Eu Mössbauer spectra of Ba 2 EuOsO 6 and to determine the magnetic hyperfine field at the Eu nucleaus. However, with using the same Mössbauer parameters determined at 80 K, we tried to fit the experimental spectra measured at 20 K and obtained the magnetic hyperfine field of 19.6 T. Comparable magnetic hyperfine field has been reported for EuSbSe 3 [40] and Ba 2 EuRuO 6 [41] . The fitting results are shown in Fig. 8 (b) . Figure 10 shows the temperature dependence of magnetic susceptibilities for Ba Next, we will calculate the magnetic entropy change (S mag ) due to the magnetic ordering of Os 5+ and Pr 3+ moments. The magnetic specific heat (C mag ) of Ba 2 PrOsO 6 was estimated by subtracting the contribution of the lattice specific heat from the total specific heat in the same way as is the case for Ba 2 LuOsO 6 and Ba 2 EuOsO 6 . The temperature dependence of the C mag and magnetic ordering of the Os 5+ moments, another specific heat anomaly is clearly observed around 20 K, which should be attributable to the antiferromagnetic ordering of the Pr 3+ moments.
Ba 2 PrOsO 6
The magnetic entropy change associated with the sum of the two magnetic anomalies is determined to be ~13 J/mol K. As shown in Fig. 11 (b) , it is difficult to divide the magnetic entropy data into two anomalies. The magnetic entropy change associated with the magnetic ordering of the Os 5+ moments is estimated to be 3.8 J/mol K from the specific heat measurements 
Ba 2 GdOsO 6
The temperature dependence of the magnetic susceptibility for Ba 2 GdOsO 6 in the temperature range between 1.8 and 300 K is shown in Fig. 12 (a) . It seems that no magnetic interaction has been observed down to 1.8 K. When the d(χT)/dT is plotted against temperature in Fig. 12 (b) , a maximum is appeared at 67 K. This result indicates that an antiferromagnetic ordering of the Os 5+ moments occur at this temperature. Paramagnetic behavior of the Gd 3+ ions with large magnetic moments hinders the magnetic ordering of the Os 5+ moments in the magnetic susceptibility vs temperature curve of Ba 2 GdOsO 6 . The temperature dependence of the reciprocal magnetic susceptibility is shown in the inset of Fig. 12 (a) . The magnetic susceptibility follow the Curie-Weiss law above 100 K. (a) Reference (36) .
